NGVD of 1929 is referred to as sea level in this report.
INTRODUCTION
During a large-scale hydrologic study in Arizona, data were needed to compare evapotranspiration from areas before they were cleared of existing vegetation, with evapotranspiration after clearing and replanting. This report briefly describes how daily estimates of evapotranspiration from a revegetated site were made, and lists them for a 363-day period from June 19, 1969 , to June 16, 1970 .
The large-scale hydrologic study was the Gila River phreatophyte project (Culler and others, 1970) conducted in east-central Arizona, the location of which is shown in figure 1. The solid diamond symbol near the right edge of figure 1 adjacent to cross section 3 indicates the location of the study site described in this report. The original cover of halophytic vegetation was of little economic value, consisting largely of seepweed (Suaeda depressa Wats.) and iodinebush (Allenrolfea occidentalis Wats.) as described by Turner (1974) .
Saltcedar (Tamarix chinensis Lour.) had grown in areas adjacent to the nearby Gila River channel. The replacement vegetation was panicgrass (Panicum antidotale Retz.) considered to be acceptable forage.
Daily evapotranspiration estimates made at the panicgrass study site were based on direct energy budget measurements. Modifications were made to the direct energy budget technique when results were unsatisfactory. When water-vapor data were unusable or missing, convected heat was estimated using a set of empirical functions in order to apply the energy budget. Interpolation methods were developed to estimate daily evapotranspiration when daily data were completely missing. These interpolation methods were based on data from a National Weather Service (NWS) station nearby. Details of the site, water available for evapotranspiration, instrumentation needed to gather basic data, and data analyses are also briefly described .
SITE
The site at which evapotranspiration determinations were made was upon an alluvial fan with a very gentle slope (1:230) toward the southwest. (In the Gila River phreatophyte project orientation scheme, the location was designated 3R3.) A 9-m tall instrumentation mast was erected at the site. The channel of the Gila River, meandering northward in its flood plain, lay about 450 m west of the mast. To the south, the river channel was 1 km distant. U.S.
Highway 70 is about 250 m northeast of the site ( fig. 1 ). The highway, at its closest approach, had a grade level 0.6 m above the site altitude of 782 m above sea level (NGVD of 1929) .
Excepting the relatively minor obstructions offered by the highway grade level and the Gila River channel depression, the wind fetch was clear for at least 1 km in all directions.
A small wash discharged through culverts near the point where the highway was closest. Although the ill-defined wash channel ran some distance east of the site, its gradient was so gentle that local flooding could occur.
The area has a desert climate. The 10-yr normal annual temperature at the NWS station at Coolidge Dam (San Carlos Reservoir), located about 32 km downstream from the site, was 19.7°C (Celsius).
Monthly normal temperatures ranged from 30.6°C in July to 7.7°C in January. The 10-yr annual normal precipitation at the NWS station was 349 mm; pan evaporation was 2,386 mm.
During the 363-day measurement period 332 mm of rain fell at the site (no snow, hail, or sleet was observed). The monthly distribution of rainfall differed considerably from the NWS normals, and changes in heat stored in the canopy. Stored heat varies with the mass of the canopy system as well as with its temperature, so changes in mass occasioned by rain and evaporation or by canopy growth or decay must be considered also. In this study the word canopy includes not only above-ground foliage but also a part of the supporting soil, in order to account for evaporation from the soil.
Net radiant heat flux (net radiation) was measured with a ventilated thermopile flat-plate radiometer that was commercially available. It was mounted facing solar south, 3.5 m out from the 9-m tall instrument mast, at an elevation of 4 m. This elevation above the canopy had an integrating effect on the radiometer vision, as the effect of patchiness in the vegetation canopy tended to be averaged. Radiative diffusion was not deemed to be a problem.
The exposed flat-plate sensor of the radiometer was washed with distilled water during every service visit. The plate was resurfaced five times during the observation period and the radiometer calibration checked after four of the resurfacing paintings. The calibration checks were made using a shading technique and showed a consistent bias toward a calibration coefficient smaller than that given by the manufacturer. The differences, however, were small (the largest was 6 percent) and they depended upon the calibration of short-wave radiometers and recorders. Hence the calibration furnished by the manufacturer was used for computations. Net radiation was measured once every 12 minutes.
Convected heat estimates and latent-heat transport computations depended upon temperature and water-vapor pressure gradients above the canopy. Needed temperature measurements were made at elevations of 1, 2, 4, and 8 m above the ground surface, using identical specially fabricated wet-and dry-bulb psychrometers.
These Despite the careful design and operation of the psychrometry, the validity limits of the technique were often approached or exceeded. In winter, for example, when the daily average vapor pressure at each elevation was sometimes below 4 millibars (one millibar equals 100 Pascals) and evapotranspiration very small, routine computations were meaningless because of imprecision in the temperature values that were tabulated to the nearest 0.1°C.
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No measurements were made to evaluate advected heat directly.
The experimental area was considered large enough and the surface uniform enough to result in semistable 4-h average temperature profiles in the vegetation and above it. Net advection by air would be negligible. Net advection by water was also small.
Heat-flow measurements in the soil were made with two commercial flat-plate heat-flux meters buried at a 50-cm depth. The plates were located 3 m north and south of the 9-m tall instrument mast.
The accuracy of calibration of the plates was uncertain because they had been used previously. Even so, a calibration error of ±20 percent would have had no significant effect on evapotranspiration computations. The output from each plate was recorded once every 24 minutes.
Required temperature measurements for heat storage computations were made with thermocouples buried at 2-, 50-, and 100-cm depths at the same locations as the heat-flow plates. The 1-m air temperature value was also used. Each temperature was recorded once every 24 minutes and had the same accuracy as the air measurements. Thermal mass changes in the ground were accounted for by changes in soil moisture that were measured with a nuclear soil-moisture meter.
Rain at the site was measured with a nonrecording wedge gage mounted on a nearby recorder shack. Vegetation mass estimates were made when required.
14 All measurement values were printed upon strip charts by a modified Honeywell Model 15_1/recorder. A parallel recording system for punching data into paper tape was also used, but was unreliable.
Power was supplied by a small propane-fueled motor-generator.
Malfunction of the powerplant was a principal cause of missing data.
The instrumentation performed adequately, but resulted in 24 percent (87 days) of the records being totally missing, or with data too fragmentary to yield a daily evapotranspiration value.
The winter period from November 18, 1969 , to February 28, 1970 had the worst data yield with 36 percent of the days missing. Of the 37 winter days missing, 34 were consecutive, from January 11 to February 13, 1970. Freezing of the wet bulbs resulted in some missing data; supercooling of the capillary water in the wicks often could not be distinguished from icing.
The instrument mast was the only tall structure in the treeless area. Bird droppings on the radiometer were often found and nest building in the psychrometers occurred. The data were then grouped manually and transcribed into six daily 4-h averages based on mean solar time. After converting to physical quantities and calculating vapor pressures the data were edited.
Editing consisted largely of filling in obvious values of missing data, such as those resulting from brief service visits, and interpolating radiometer data during rainfall when the exposed sensor was wet. Adjustments for frozen wet bulbs were made when required.
The four psychrometers were changed frequently to avoid errors caused by dust, pollen, and corrosion of the thermojunctions.
Although carefully constructed, the thermocouple-wick-reservoir assemblies could not be perfectly duplicated, and on several occasions a small adjustment (never greater than 0.25°C) was made to one or more of the temperature values based on readings made with the Assman-type psychrometer.
Rain accumulated in the gage between service visits (made about twice a week) was distributed according to time and intensity by observing its effect upon the exposed flat plate of the radiometer. The accumulation of water in the rain gage was subject to evaporation and, in summer, when more than 2 days had passed between a rainstorm and its measurement, 3 percent per day was added to the catch.
All data needed for analyses were then punched on cards; only one card for each 4-h period was necessary.
DATA ANALYSES
Net advection by the ambient air (and water) was assumed to be negligible. Change in heat stored in the green vegetation was estimated and also found to be negligible. The net flux of heat by the mass of evaporated water was also considered slight. Thus the heat balance at the surface could be written: The 1-m wet-bulb temperature was preferred, but if it was missing, the 2-m value was used, and if that was missing, the 4-m wet-bulb temperature was accepted. If all three were missing, the 1-m air temperature or 2-m air temperature was substituted when required.
The net radiation, N 9 is the net total-spectrum thermal radiation between Earth and sky and is the largest source of variation for ET when water is available. N was measured directly. The value of Q, the change-in-heat stored in the uppermost 50-cm soil layer above the heat flow plates was the third largest source of ET variation. The method of computation adopted for Q required computing the average temperature of the soil layer at the end and at the beginning of each 4-h period, and then subtracting.
The difference of the average temperatures multiplied by the average heat capacity and then divided by the period length of 240 minutes gave an average flux value for the period. Because of a lack of sufficient measurements of temperatures closely spaced in depth, average temperatures at the beginning and end of each 4-h period had to be estimated using classical Fourier synthesis (Carson, 1963) .
A solution of the differential equation of one-dimensional heat flow into a semi-infinite solid is:
where I7 is soil temperature; & is time; 2 is depth; a is the s thermal diffusivity; and the period considered, p, is one day.
Taking the boundary condition to be the nominal 2-cm depth temperature value, four amplitude coefficients A n and four phase angles <f> n were evaluated on 30 days, using 24 hourly values each day. The days chosen had a wide range of soil moisture and temperature values.
When computations were made only limited computer facilities were available, so that amplitude coefficients and phase angles could not be computed for each of the 363 days. Simplifications, based on the diurnal range of temperature, soil moisture conditions, and the day of the year, proved adequate for estimating the first 4 harmonic terms of equation 2 (Leppanen, 1980, p. 12-14) .
The variation of the thermal diffusivity, a, with soil moisture was calculated after integrating equation 2 with respect to depth from 2 = 0 to s = 48, using selected 2-h periods just before sunrise (Leppanen, 1980, p. 14-16) .
The change-in-heat-storage, Q, was then calculable as
where A27 is the change in average temperature of the 50-cm soil s layer over a 4-h period and C (in cal/(cm2 min °C)) is a heat capacity coefficient which varies with soil moisture.
Initially, the convected heat, C t was not evaluated directly.
It entered evapotranspiration computations when the energy balance was expressed in Bowen ratio form, in which the Bowen ratio is defined as the ratio of vertically transported sensible heat to vertically transported latent heat.
Thermal mass added by rain, P t was estimated by using wetbulb temperature as an estimate of rain temperature. Rain temperatures below 1.5°C were not accepted. and other problems, a supplemental method of computation was adopted.
Equation 1 written in Bowen ratio form is
The supplemental method had been used by other investigators (Slatyer and Mcllroy, 1961) and follows directly from equation 3 and the psychrometric equation when the Bowen ratio is computed using a two-elevation difference quotient (divided differences) .
Thus
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where the subscripts i and j refer to different elevations above the ground surface, and T is the air temperature.
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The psychrometric equation is where e is vapor pressure, e is saturation vapor-pressure at s temperature jf, T is the wet-bulb temperature and T is the dry- Before applying equation 5 to the unsatisfactory 4-h periods, two preliminary tests were applied: if the calculated vapor gradient was very small, ET was set to zero; if a very large evaporating vapor gradient was calculated, but condensation resulted, ET was set to zero. In computer runs, the former test applied nine times, but the latter only twice. Additionally, on one very foggy winter day the numerator of equation 3 remained negative for most of the day; ET was also set to zero.
Equation 5 The 363-day observation period data were divided into six seasons: first summer, monsoon, fall, winter, spring rains, and second summer. Within each season, data were grouped according to the six daily 4-h periods, so that 36 sets were available for analysis. This division of data according to surface conditions and time-of-day was made because no wind data were gathered, precluding analysis using a stability parameter.
The linear regression of Convection on temperature slope was computed for each set of data, and outlying data removed using criteria based on the standard deviation. The 36 lines were then recomputed, constrained to pass through the origin. Pan coefficients were calculated (daily ET divided by daily pan evaporation) and days having one of the few negative coefficients removed from the file. Using the same six seasons as were used in the convection analyses, average pan coefficients were computed.
On the basis of seasonal standard deviations, the extreme 10 percent of pan coefficient values were noted, and days having one of these were removed from the data file. Plots of pan coefficients against wind movement showed no correlation; errors due to splashout and heavy rains had apparently been removed by the editing procedure.
Daily evapotranspiration was then estimated with a linear statistical model which used as independent variables the daily pan evaporation, daily wind movement, median air temperature, and another variable called vapor deficit. Such a vapor-deficit variable had been previously found to be useful (Leppanen, 1980, p. 20-21) but because no humidity data were gathered at the NWS station, a somewhat questionable assumption had to be made in order to estimate the true vapor deficit. This was that the daily minimum air temperature (recorded at 0540 mean solar time by the station operator) was near the saturation vapor-pressure temperature, and resulted in an expression for the vapor deficit 7 = (l/2)amax -2-mln )(8 + 0.611)
where ^ax and ^min are the daily NWS maximum and minimum air temperatures (in degrees Celsius) and s is the slope of the saturation vapor-pressure curve against temperature calculated at the temperature given by (l/4)(27max + 32^).
The coefficients of the four-variable model were calculated for each of the six seasons with a statistical procedure which chose among the independent variables in the order each variable contributed most to the coefficient of multiple correlation. In five of the six seasons (fall was the exception) the pan evaporation was the most important variable. The vapor deficit and the wind movement were each the secondmost significant in three of the six seasons.
Median air temperature was a poor estimator, except in the fall when it was best (and vapor deficit the worst). The four-variable linear model, overall, was highly significant; applying the F-test, the first four seasons had probabilities greater than 0.0001. The spring-rains season had probability greater than 0.006, but the second summer had, for some unknown and uninvestigated reason, a probability greater than 0.12, by far the worst. The second-summer coefficient of multiple correlation was also poor, 0.44. The coefficients for other seasons averaged 0.75, with the first summer being the best, 0.94. The positive intercept constants in the six models were all less than 1.33 mm ET, except for the fall, which had a constant of -2.01 mm of water.
Using the six models, ET was estimated for incomplete and missing days. This completed the 363-day record.
During the course of the analyses, numerical quality ratings were assigned to each 4-h period according to criteria determined by which arithmetic procedures had been used in arriving at the ET value. This quality-rating resulted in 15 gradations of 4-h period data. The number 0 represented the case when no estimates were made. Quality 1 was used to describe a 4-h period with a very small vapor gradient (less than 0.0001 millibars/In (s-£>)).
Twelve of the other 13 numbers represented cases when equation 5 was used or when empirical convection estimates were made. The remaining quality number described a few 4-h periods with heavy fog or drizzle.
To rate a daily ET value, the number of 4-h periods with ratings other than 0 or 1 was counted. This procedure resulted in daily quality-ratings ranging from 0 (all measured data) to 3 (three periods with 4-h ratings other than 0 or 1). The number 8 was used to describe days with four nondaytime 4-h periods rated greater than 1. The number 9 was used when the estimating equation using NWS data was applied. Table 1 lists the most likely conclusion is that large quantities of water had been transferred from the capillary fringe or from the 2-m deep water table.
RESULTS AND DISCUSSION
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Of the five chosen periods, complications were greatest in the period January 2 to January 9, 1970. A small amount of rain (0.5 mm)
fell on January 9, just before the soil moisture profile observation The other three cumulative depletion-with-depth curves differed considerably from the two discussed above. Energy budget evapotranspiration was much greater than the soil moisture depletion, suggesting that moisture was transferred from the capillary fringe and water table. Two of the three corresponding energy budget evapotranspiration rates are shown in figure 6 ; the other rate was 3.46 mm/d (not plotted) for the period May 8 to May 22, 1970 . This 2-week mid-May period was preceded by 20 rainless days. Apparently, there was no net contribution to evapotranspiration from soil moisture between the 50-to 150-cm depths (see fig. 6 ). The indicated soil-moisture depletion of 0.6 mm/d is not enough to sustain the grass that was now growing vigorously, and is less than the quantity expected to be evaporated from bare soil with a 2-m deep water table (Ripple and others, 1972) The five depletion curves shown in figure 6 suggest that either the grass roots extended deeper than anticipated, or large amounts of vapor were transferred from ground water, or both.
Because of the desert climate at the site and the relatively shallow water table, large temperature and vapor gradients £ould be expected between the capillary zone and the soil surface. However, there is no reason to suppose that large quantities of vapor would translocate from the water table, flow through the persistently dry zone between 70-and 140-cm depth, and into a shallow root zone above 70 cm.
The conclusion emerges that panicgrass is an opportunistic phreatophyte.
